We investigated the C-H bond activation mechanism of aldimine by the [RhCl(PPH 3 ) 3 ] model catalyst using DFT B3LYP//SBKJC/6-31G*/6-31G on GAMESS. Due to their potential utility in organic synthesis, C-H bond activation is one of the most active research fields in organic and organometallic chemistry. C-H bond activation by a transition metal catalyst can be classified into two types of mechanisms: direct C-H bond cleavage by the metal catalyst or a multi-step mechanism via a tetrahedral transition state. There are three structural isomers of [RhCl(PH 3 ) 2 ] coordinated aldimine that differ in the position of chloride with respect to the molecular plane. By comparing activation energies of the overall reaction pathways that the three isomeric structures follow in each mechanism, we found that the C-H bond activation of aldimine by the [RhCl(PH 3 ) 3 ] catalyst occurs through the tetrahedral intermediate.
Introduction
C-H bond activation is one of current interest in organometallic chemistry.
1 In particular, hydroacylation, the catalytic transformation of an aldehyde or a 1-alkene to the corresponding ketone, has been a focus in synthetic organic chemistry due to its atom economical efficiency.
2 Chelationassisted hydroacylation using 2-amino-3-picoline is one of the preferred hydroacylation methods because it allows suppression of side reactions such as decarbonylation, 3 due to the involvement of an aldimine intermediate in-situ generated from aldehyde and 2-amino-3-picoline. The chelation-assisted C-H bond cleavage of aldimine by a transition metal is considered an important step in this catalytic reaction. Previously, Suggs developed and showed the stoichiometric and catalytic cleavage of the C-H bond in this aldimine intermediate which was prepared by condensation of benzaldehyde and 2-amino-3-picoline. 4 Nevertheless, a plausible mechanism of the C-H bond cleavage of aldimine by Rh(I) complexes has not yet been determined, though many theoretical studies on the C-H bond cleavage by transition metal complexes have been reported. 5 Therefore, in this paper we focus on the mechanism of C-H bond cleavage in aldimine by a rhodium(I) complex.
Two possible mechanisms for chelation-assisted C-H bond cleavage by transition metal complexes have been proposed as shown in Scheme 1: (A) direct C-H bond cleavage by the transition metal catalyst 6 or (B) a multi-step mechanism via a tetrahedral transition state, 7 i.e., initial electron transfer from the metal catalyst to the C=N double bond of aldimine and subsequent hydrogen migration from the C-H bond of the resulting tetrahedral transition state to the metal catalyst. A carbon atom in the transition state in mechanism A has a three-centered structure, while in mechanism B it has a tetrahedral structure. In the present study, we aim to demonstrate the reaction mechanism from complex 3 to complex 4 in Scheme 1 by means of density functional theory (DFT) calculation, in order to elucidate the C-H bond cleavage of aldimine 1 by rhodium(I) complex 2.
Following a brief explanation of calculation procedures in Section 2, we will discuss both the mechanism for direct Rh(I)-insertion into the C-H bond and the multi-step mechanism in Section 3. Results are discussed with reference to potential energy determination, and the lowest overall activation reaction pathway is determined. Finally, concluding remarks are provided in Section 4.
Calculation Procedure
Geometries of the reactants, intermediates, transition states and products of Scheme 1 were optimized using the DFT with the B3LYP exchange-correlation functional and hybrid basis sets. The SBKJC effective core potential basis set that avoids redundant evaluation of core electrons in every iteration step was adopted for the transition metal Rh.
8
The 6-31G basis set was applied to H, while the 6-31G* basis set was used for the remaining atoms. Normal coordinate analysis has been performed for all stationary points to characterize transition states (one imaginary frequency) and equilibrium structures (no imaginary frequencies). Intrinsic reaction coordinate calculations, starting at transition structures, were performed to determine pathways between reactants and products as well as corresponding transition states. All calculations and structural analyses were performed using the GAMESS (General atomic and molecular electronic structure system) program.
9 All the energies presented in this study include zero-point energies. All calculations were performed in gas phase. Solvent effect was assumed to be negligible, since experiments were conducted in solution using a nonpolar solvent, toluene.
The Table 1 . Note that the bond lengths in 2 and 5 are very similar except for a slight discrepancy in Cl-Rh-P and P-Rh-P angles. The discrepancy is likely to be associated with the R group present in PR 3 phosphines. These results indicate that the Rh(PH 3 ) 3 Cl model and computational method provide a reasonable assessment of geometry.
In the reaction of aldimine 1 with the catalyst complex 2, one of the phosphine ligands in 2 is initially dissociated, and then the nitrogen in pyridine of 1 is coordinated to the vacant site of the catalyst. Depending on the position of the dissociated phosphine ligand, there exist three structural isomers of 3 as shown in Figure 2 . Herein, 3a and 3b bear a strong resemblance in their structure while that of 3c is completely different. Nevertheless, 3a and 3b can not be obtained through conformational isomerization since the phenyl group hinders the rotation of C-Rh bond. Therefore we consider the three structures of the compound 3 independently as the reactant. We examined the relative stability of the three isomers, 3a, 3b and 3c, and found that the energy of 3a is lower than those of 3b and 3c by 4.6 and 6.5 kcal/mol, respectively. Since 3a, 3b and 3c are potential intermediates in this reaction, there are several possible pathways for C-H bond cleavage. Thus, we investigated all H NMR study, the hydrogen atom attached to the rhodium metal is located in the same plane as aldimine, which is on the opposite side of the nitrogen in pyridine as shown in Figure 3 . 4 
Results and Discussion
A. Mechanism of direct Rh-insertion into the C-H bond through a three-centered transition state. To identify direct C-H bond cleavage of aldimine by the rhodium(I) metal center, structural changes and energies were tracked as C=N bond distance was increased while decreasing Rh-C and Rh-H distances which mimics the natural process. Normal coordinate analyses starting from all three isomers were also performed.
In Figure 4 (a), starting from 3a, TS 3a-4a is formed through three-centered Rh-H-C with a large activation energy of 41.88 kcal/mol. When the Rh metal is inserted into the C-H bond of aldimine as in TS 3a-4a , an Rh-N bond in which the N atom is in pyridine moiety, is stretched out from 2.16 Å to 2.37 Å and Rh-H and Rh-C bonds are formed with lengths of 1.61 Å and 2.21 Å, respectively. As Rh-H bond lengths were further decreased as in 4a, the Rh-N coordination bond was separated by 2.21 Å. The reaction pathway from an unstable intermediate 4a to stable 4 was also examined. However, our calculations showed that the transition from 4a to 4 is possible only with the breakage of bonds such as Rh-PH 3 , Ph-Cl and others. Since bond breaking requires much more energy than the rearrangement of atoms via rotation, we did not pursue the rest of this reaction pathway.
Starting from the 3b structure, an intermediate 4b is formed through a transition state TS 3b-4b with an activation energy of 42.53 kcal/mol as shown in Figure 4(b) . Following the pathway, Rh-H-C forms a triangular structure as the Rh-N bond is stretched. In TS 3b-4b , Rh-C, Rh-H and Rh-N bond lengths are 2.22 Å, 1.61 Å and 2.37 Å, respectively. Intermediate 4b is less stable than 3b by 7.30 kcal/mol. Bond breaking is also necessary to transform 4b to 4. Therefore, the rest of the pathway was not explored.
Unlike 3a and 3b, the reaction from 3c to 4 proceeds through a single transition state, TS 3c-4 , with an energy barrier of 31.16 kcal/mol, is shown in Figure 4 (c). At TS 3c-4 , the Rh metal inserts into the C-H bond with a triangular structure in which Rh-H distance decreases to 1.63 Å and a Rh-C bond is formed at a distance of 2.15 Å. On the other hand, the Rh-N length is increased to 2.83 Å and the C-H bond is essentially broken at 1.37 Å in length. The iminoacylrhodium(III) hydrid 4 is 7.83 kcal/mol more stable than 3c.
Owing to direct C-H bond cleavage by the catalyst, all isomer structures of 3 have an Rh-H-C three-centered transition state which results from the insertion of the Rh metal center into the C-H bond. While 3c is able to form the stable iminoacylrhodium(I) hydride intermediate 4 through a single transition state TS 3c-4 , isomers 3a and 3b cannot form a stable intermediate 4 without bond breaking and reforming of Cl, two-PH 3 , or H groups. Following mechanism of direct Rh-insertion into the C-H bond through a three-centered transition state, energy changes of 3a, 3b and 3c are summarized in Table 2 , respectively. B. Multi-step mechanism through a tetrahedral transition state. As illustrated in Scheme 1, when electrons of the rhodium(I) metal center are donated to the carbon of imine in 3, the double bond between carbon and nitrogen is converted into a partial single bond while a new Rh-C bond is formed. We performed normal coordinate analysis using the GAMESS code, starting from the three isomers 3a, 3b, and 3c. Figure 5 (a) presents the overall reaction pathway from 3a. The intermediate 4a' is formed from 3a through the transition state TS 3a-4a' where the Rh-H bond formation and C-H bond breaking are synchronously in progress. In TS 3a-4a' , the Rh-C distance is as short as Rh-C bond length, i.e., a new Rh-C bond is nearly formed. In the course of the transformation from 3a to TS 3a-4a' , the sp 2 carbon of imine is transformed into a sp 3 carbon with a tetrahedral structure having Rh, N, a phenyl group, and an H atom at the vertices. Then, as the Rh-H bond length is decreased with increasing C-H bond length, Rh-H-C forms a triangular structure. The activation energy for this pathway is 17.71 kcal/mol and the energy of 4a' is higher than that of 3a by 3.53 kcal/mol. Note that 4a' does not adopt the structure of the stable iminoacylrhodium(III) hydrid 4 established by 1 H NMR analysis. For the conformation of the stable structure (4), 4a' undergoes rearrangements through two more transition states, TS 4a'-4a'' and TS 4a''-4 . In this second reaction step, 4a'' is formed by changing the positions of Cl and two-PH 3 at 4a' through TS 4a'-4a'' . The position of H does not change at this stage; however, PH 3 migrates easily by decreasing the C-Rh-H angle from 87.1 o to 68 o . The activation barrier is calculated to be 29.04 kcal/mol and 4a'' is 2.69 kcal/mol less stable than 4a'. The third step begins from 4a'' to get to 4 through TS 4a''-4 with an energy barrier of 19.49 kcal/mol. The energy of 4, a stable iminoacylrhodium(III) hydrid, is 7.69 and 1.47 kcal/mol lower than those of 4a'' and 3a, respectively.
When starting from 3b, the intermediate 4b' is formed = ETS -Ei, ΔE = Ef − Ei. ETS: energy of the transition state. Ei: energy of the initial structure. Ef: energy of the final structure through a transition state TS 3b-4b' with an activation energy of 17.36 kcal/mol (Fig. 5(b) ). As the Rh atom approaches the carbon atom in the imine group of 3b, a Rh-C bond is formed at TS 3b-4b' bearing a tetrahedral carbon with Rh, N, H and the phenyl group at vertices. The Rh-H-C then forms a triangular structure by shortening the Rh-H distance while lengthening the C-H bond. Finally, the H atom migrates from the carbon of imine to the Rh metal center. The energy of 4b' is higher than that of 3b by 1.98 kcal/mol. The stable hydride complex 4 is formed by rotations of Cl, H and two-PH 3 in 4b'. The energy barrier for TS 4b'-4 from 4b' is 19.08 kcal/mol while 4 is more stable than 4b' by 8.10 kcal/mol.
Finally, in the case of the 3c isomer, 3c is converted to the intermediate 4c through the transition state TS 3c-4c . During the transformation from 3c to 4c, a tetrahedral transition state is generated at the carbon of imine. Then, the Rh-H-C Figure 5 . Reaction pathways of (a) 3a, (b) 3b and (c) 3c following the multi-step mechanism.
forms a triangular structure by shortening the Rh-H distance while lengthening the C-H bond. The activation energy of TS 3c-4c is 13.57 kcal/mol. The energy of 4c is higher than that of 3c by 3.54 kcal/mol. As shown in Figure 5 (c), 4 is formed from the migration of Cl, H and two-PH 3 in 4c. The energy of 4, which is formed through TS 4c-4 with an activation energy of 38.46 kcal/mol, is lower than that of 4c by 11.49 kcal/mol.
Throughout the multi-step C-H bond cleavage mechanism which involves electron-donation of the electron-rich rhodium(I) metal center to the carbon atom of imine, we observed that the carbon atom of imine commonly forms a tetrahedral structure with Rh, N, H, and the phenyl group at vertices, regardless of the starting isomeric structure of 3. From the tetrahedral transition structure, then, Rh-H-C forms a triangular structure as Rh-H distance is further decreased and C-H distance increased. Following multi-step mechanism through a tetrahedral transition state, energy changes of 3a, 3b and 3c are summarized in Table 3 , respectively.
C. Overall C-H bond activation pathway. By comparing the two reaction pathways (A and B) for all three geometrical isomers, we identified a single transition state TS 3c-4 (activation energy of 31.16 kcal/mol) from 3c to 4 that acts through a direct C-H bond cleavage mechanism (Fig. 6) . The reaction pathways from 3a and 3b cannot form a stable iminoacylrhodium(III) hydrid structure. Furthermore, the energy barriers considered stability of reactants for TS 3a-4a and TS 3b-4b are almost 5 kcal/mol higher than that of TS 3c-4 . However, we also found that stable iminoacylrhodium(III) hydrid 4 can be formed from 3a, 3b and 3c through multistep transition states involving tetrahedral intermediates by electron transfer and subsequent positional rearrangements of hydride, Cl, and PH 3 (Fig. 7) . The energy of the iminoacylrhodium(III) hydrid 4 is 1.47, 6.11 and 7.95 kcal/mol lower than those of 3a, 3b and 3c, respectively. Through the multi-step mechanism, the highest activation energy for 3a is 32.57 kcal/mol for TS 4a'-4a'' while that for 3b corresponds to TS 4b'-4 (21.07 kcal/mol) and for 3c to TS 4c-4 (42.00 kcal/ mol).
Based on the above results, we conclude that the overall reaction mechanism for the stable iminoacylrhodium(III) hydrid reveals that the C-H bond activation of aldimine by a Rh catalyst takes place through the tetrahedral intermediate by the multi-step pathway of 3b.
Concluding Remarks
This article presents a theoretical investigation of two C-H bond cleavage mechanisms of aldimine by a Rh catalyst: (1) direct C-H bond cleavage by the metal catalyst or (2) multistep electron transfer C-H bond cleavage through a tetrahedral transition state. We found that there are three structural isomers of [Rh(PH 3 ) 2 Cl] coordinated aldimine owing to the position of Cl with respect to the molecular plane. Therefore, we performed simulations of overall reaction for all three isomers with each of the two mechanisms. The C-H bond activation pathways in which electron transfer occurred resulted in tetrahedral carbon structures with Rh, N, H, and the phenyl group. In contrast, direct C-H bond cleavage pathways resulted in a three-centered carbon structure with Rh and H. The most probable reaction pathway, which has the lowest activation energy in overall reaction, is the electron transfer pathway of 3b. Thus, C-H bond activation of aldimine by a Rh catalyst occurs through a multi-step electron transfer mechanism with a tetrahedral transition state. 
